One of the characteristic structures of the growth cone is the radially aligned actin bundles of filopodia, which are bundled by fascin. Fascin was first identified in sea urchin cell extracts (Kane, 1975) and has been reported in various cells in numerous animals and cells such as sea urchin coelomocyte cells, human fibroblasts and β lymphocytes and is correlated with membrane ruffling, pseudopodia elongation and lamellipodia formation (Mosialos et al., 1994; Otto, Kane, & Bryan, 1979; Yamashiro, Yamakita, Ono, & Matsumura, 1998) .
Fascin cross-links actin filaments via two different binding sites on single protein and forms actin bundles. Actin bundles formed by fascin are thick and rigid enough to push up the cell membrane and form filopodia (Mogilner & Oster, 1996; Vignjevic, Kojima, Svitkina, & Borisy, 2006) . Numerous studies of fascin have been reported in filopodia (Johnson et al., 2015; Kabukcuoglu et al., 2006; Svitkina et al., 2003) . The bundling activity of fascin is controlled by phosphorylation of S39 by protein kinase C (PKC; Adams, 2004) . External application of 12-O-tetradecanoylphorbol acetate (TPA), an agonist of PKC, induces dissociation of fascin from actin and the disappearance of actin bundles (Adams et al., 1999; Cohan, Weinhofer, Zhao, Matsumura, & Yamashiro, 2001) . Fascin is also present in lamellipodia and forms thin actin bundles (Svitkina et al., 2003) , but their function remains unknown. Because of the resolution limit of conventional optical microscopy, it is difficult to observe actin meshwork in the lamellipodia region. Super-resolution microscopy is required to observe fine structures in the lamellipodia of the growth cones (Biswas & Kalil, 2018; Igarashi et al., 2018; Nozumi, Nakatsu, Katoh, & Igarashi, 2017) .
In this study, we examined lamellipodial fascin in the growth cone of NG108-15 cells. We visualized fascin in the lamellipodia by super-resolution microscopy. We found that phosphorylation of fascin by TPA, a PKC agonist, induced (a) decrease in actin bundles in lamellipodia, (b) change in the orientation of actin filaments and (c) 40% decrease in the elasticity of the lamellipodia. Actin bundles formed by fascin may contribute to 40% of the elasticity in lamellipodia. The fine architecture of actin filaments controlled by fascin in lamellipodia is extremely important for cell elasticity.
| RESULTS

| Fascin in the lamellipodia of growth cones
Fascin bundles actin filaments in the growth cone. Fascin has been analyzed in filopodia, but rarely in lamellipodia because observation of the actin bundles of filopodia is much easier than that of the actin meshwork in lamellipodia. Figure 1A shows an EGFP-fascin-expressing growth cone with several filopodia and lamellipodia in NG108-15 cells, as recorded with a fluorescence microscope. Remarkable thick bundles (arrowhead in Figure 1A) were observed in the filopodia, whereas few filamentous structures were detected in the lamellipodia (rectangle region in Figure 1A ), although EGFPfascin showed staining of some cytoskeletal structures.
To observe fascin and actin in the lamellipodia, we used the SIM super-resolution microscope. Figure 1B shows the lamellipodia of a NG108-15 cell-expressing EGFP-fascin ( Figure 1Ba ) and mCherry-actin (Figure 1Bb ). EGFP-fascin and mCherry-actin staining showed a similar meshwork (compare Figure 1Ba with Bb). However, staining did not overlap completely (Figure 1Bc ,Bd), as fascin and actin images were recorded sequentially with one camera. Differences in the recorded time points caused significant shifts in the images (Figure 1Bc , see Supporting Information Movie S1) and unmatched plot profiles (Figure 1Bd ). The time lag between fascin (Figure 1Ba ) and actin images (Figure 1Bb ) was approximately 6 s (see also Supporting Information Movies S1 and S2). It was difficult to examine the colocalization of fascin and actin using SIM with a single camera.
To examine colocalization of fascin and actin, we introduced SIM with two cameras ( Figure 1C ) and recorded images of fascin (EGFP-fascin) and actin (mKO-Lifeact) simultaneously ( Figure 1D ). Images of fascin ( Figure 1Da ) and actin ( Figure 1Db ) completely overlapped in the lamellipodial region (Figure 1Dc ). Plot profiles of fascin and actin images overlapped well (Figure 1Dd ). Thus, we clearly showed that fascin colocalized with actin filaments to form an actin meshwork in the lamellipodia. Moreover, time-lapse movies showed that colocalization of fascin and the actin meshwork was maintained during retrograde movement in the lamellipodia (see Supporting Information Movie S3 and S4).
| Estimation of interaction between fascin and actin filaments
Fascin and actin meshwork showed retrograde movement while maintaining their colocalization (see Supporting Information Movie S3 and S4). We next evaluated whether there were differences in the turnover of fascin and actin molecules. We examined the turnover of fascin and actin in the lamellipodia by fluorescence recovery after photobleaching (FRAP) experiments. Complete time lapses are shown in Supporting Information Movie S5, with detailed experiments described below.
We first examined the exchange of actin molecules in the actin meshwork of lamellipodia. We expressed EGFP-actin in lamellipodia ( Figure 2A ) and performed FRAP experiments ( Figure 2B , actin). Immediately after a strong laser light was applied to the rectangle region of lamellipodia, the fluorescence of EGFP-actin disappeared and became black ( Figure 2B , actin, 0.26 s). The black rectangular region moved rearward without recovering fluorescence, suggesting that actin filaments did not exchange actin molecules during retrograde movement. Data analysis supported this result. A | Genes to Cells TANAKA eT Al. kymograph was prepared from the images of the white line region in Figure 2B , actin. The gray values of the center of the irradiated region (see Supporting Information Figure S1C in Experimental procedures) were plotted against time. EGFPactin showed no recovery of fluorescence in FRAP experiments (Figure 2Ca , actin; Supporting Information Movie S5). These results suggest that actin molecules in actin filaments are not exchanged until the actin filaments are disassembled.
We next examined the exchange of fascin (wild type, WT). We expressed EGFP-fascin (WT) in lamellipodia in the growth cones (Figure 2A , WT) and performed FRAP experiments. Immediately after a strong laser light was applied to the rectangular region, the fluorescence of EGFP-fascin disappeared and became black ( Figure 2B , WT, 0.26 s). The irradiated region showed the recovery of fluorescence over time. The fluorescence intensity of the irradiated region was plotted against time in a similar manner as for EGFP-actin (Figure 2Ca , WT). In contrast to EGFP-actin, EGFP-fascin showed fluorescence recovery (Supporting Information Movie S5) in 3.882 ± 0.525 s (Figure 2Cc ) (definition of recovery time is shown in Supporting Information Figure S1D) .
As a control, we expressed EGFP in the growth cones ( Figure  2A , GFP) and examined the exchange of EGFP. The central domain of the growth cone was stained strongly, whereas the peripheral domain was stained weakly. Fluorescence intensity was higher in the portion where the cytoplasm was thicker. In the EGFP-expressing growth cone ( 
| Effect of phosphorylation and dephosphorylation
S39 of fascin is a well-known phosphorylation site that controls the binding activity of fascin against actin filaments. This regulation was reported in actin bundles in filopodia (Vignjevic et al., 2006; Yang et al., 2013) , but was not reported in the actin meshwork in lamellipodia. To determine the effect of phosphorylation of S39 of fascin on the actin meshwork in lamellipodia, we expressed the phosphorylated form (EGFP-fascin [S39D]) and dephosphorylated form (EGFP-fascin [S39A]) of EGFPfascin in NG108-15 cells and performed FRAP experiments. Whole time lapses are shown in Supporting Information Movie S6. Detailed experiments are described below.
The expression of EGFP-fascin (S39A) differed from that of EGFP-fascin (S39D; Figure 2A ). EGFP-fascin (S39A) was expressed in the filopodia and lamellipodia of the growth cone, similar to EGFP-fascin (WT). In contrast, EGFP-fascin (S39D) was expressed weakly in the filopodia and lamellipodia and strongly in the cytoplasm of the central domain of the growth cone.
We next performed FRAP experiments. Time-lapse images taken during FRAP experiments are shown in Figure 2B (see also Supporting Information Movie S6). The time courses of typical FRAP experiments involving EGFP-fascin (S39D), EGFP-fascin (S39A) and control EGFP-fascin (WT) are shown in Figure 2Ca ,Cb. Recovery time is shown in Figure  2Cc . The recovery time of S39D was significantly faster than those of S39A (p < 0.01) and WT (p < 0.01), suggesting that phosphorylation of S39 in fascin induced dissociation from actin. There was no significant difference in recovery time between S39A and WT. Most WT fascin may be dephosphorylated in the cytoplasm of living cells. The recovery time of S39A was significantly slower than that of EGFP.
| Effect of TPA on turnover of fascin
TPA, an agonist of PKC, induces phosphorylation of S39 on fascin (Cohan et al., 2001; Ono et al., 1997) . We externally applied TPA to EGFP-fascin (WT) expressed growth cones and examined the turnover of EGFP-fascin as the recovery time of fluorescence intensity in FRAP experiments. The recovery time decreased, reaching a minimum within 20-30 min after TPA application ( Figure 2Db ).
| Effect of TPA on the shape of actin bundles by EGFP-fascin and mKO-Lifeact
To determine the effect of phosphorylation of fascin on the fine structures of the actin cytoskeleton, we induced phosphorylation of fascin by externally applying TPA and observed colocalization of fluorescently labeled fascin and actin simultaneously by using SIM with two cameras. EGFP-fascin and mKO-Lifeact were co-expressed in the growth cones, and EGFPfascin and mKO-Lifeact were visualized in the actin meshwork (see Supporting Information Movie S7). TPA was added to the external medium at a final concentration of 200 nM. At 10 min after TPA application, a decrease in the ratio of the fluorescence intensity of EGFP-fascin compared to that of mKO-Lifeact was observed in lamellipodia, suggesting the dissociation of EGFPfascin (compare Figure 3A merged images among the before, TPA [10 min] and TPA [20 min] groups). A small number of filopodia with strong fluorescence appeared transiently in images with TPA (10 min). By contrast, the lamellipodial region declined. At 20 min after TPA application, two remarkable phenomena were observed: (a) the ratio of the fluorescence intensity of EGFP-fascin to that of mKO-Lifeact was much weaker than that before the application of TPA ( Figure 3A) ; and (b) the orientation of the actin filaments became parallel to the leading edge ( Figure 3D , Supporting Information Movie S8). The angles of the actin filaments were 15.197 ± 1.750° at 20 min after TPA application and 73.084 ± 8.928° before TPA application ( Figure 3E ). We confirmed the phosphorylation of fascin at 20 min after application of TPA as a band shift in Western blotting analysis. We also confirmed the upregulation of fascin phosphorylation after TPA treatment by Western blotting analysis ( Figure 3B ). This analysis further showed that the expression of total fascin was not affected by TPA treatment.
To observe changes in the detailed structures of the actin filaments without the expression of any molecules, we observed the actin filaments in lamellipodia before and after application of TPA using stimulated emission depletion (STED) microscopy ( Figure 3F ). The orientation of actin filaments was measured by a skeletonization-based method (Higaki, 2017) . The angles were 61.072 ± 1.372° before application and 27.079 ± 2.102° at 20 min after the application of TPA ( Figure 3G ). We confirmed that the actin cytoskeleton remodeling induced by TPA treatment is not caused by the inhibition of actin polymerization. Response to cytochalasin B, an inhibitor of actin polymerization, differed from the response to TPA (compare Movies S7 with Movies S9 in Supporting Information).
| Effect of TPA on elasticity of the lamellipodia
Next, we measured lamellipodia elasticity by AFM. Figure 4Ba ,Bb shows typical topographic images of cells mapped in a lamellipodia region, depicted by the square in Figure 4A , before and after treatment with TPA, respectively. The cell edge was clearly identified in the topographic images. We estimated the Young's modulus, E, of untreated and TPA-treated cells in lamellipodia regions with a cell thickness, h, of <1.0 μm and found that cells treated with TPA showed significantly decreased E values ( Figure 4C ). The result indicates that actin filaments become mechanically flexible when they dissociate from fascin molecules.
| DISCUSSION
We aimed to observe fascin in the actin meshwork in lamellipodia and examine colocalization of fascin and the actin meshwork ( Figure 1D ). Two important techniques were used: (a) super-resolution (Gustafsson, 2000; Hell & Wichmann, 1994) and (b) simultaneous recording by two detectors. A super-resolution microscope was essential for observing the actin meshwork because of the resolution limit (Biswas & Kalil, 2018; Igarashi et al., 2018; Nozumi et al., 2017) . Thus, we used SIM and installed two cameras to record fascin and the actin meshwork simultaneously in living and moving cells. Moreover, optic aberrations and image distortion were adjusted to be less than 30 nm (single pixel size of SIM image; see Figure 1Dd plot profile). Thus, we demonstrated that fascin is colocalized with the actin meshwork in living and moving lamellipodia (compare Figure 1Bc with Dc).
An interaction between fascin and actin filaments was reported in filopodial actin bundles (Khurana & George, 2011; Svitkina et al., 2003; Yang et al., 2013) . Phosphorylation of fascin regulated the affinity against actin filaments in filopodia (Yang et al., 2013) . In the present study, we expressed GFP-conjugated mutant fascins in lamellipodia ( Figure 2A ) and observed their dynamics by FRAP analysis ( Figure 2B ). We found that lamellipodial fascin was also controlled by phosphorylation of Ser39 (Figure 2Cc ) in a way similar manner as in filopodia (Aratyn, Schaus, Taylor, & Borisy, 2007; Vignjevic et al., 2006) . The turnover of fascin, measured as the recovery time in the FRAP experiments, was faster in the phosphorylation form (S39D) (Figure 2Cc ).
In the next experiment, we examined the effect of a PKC agonist, TPA. In the filopodia, external application of TPA induced the activation of PKC, phosphorylation of fascin, dissociation of fascin and disappearance of actin bundles (Adams et al., 1999; Ono et al., 1997) . We therefore applied TPA externally, performed FRAP experiments and measured the recovery time. At 20 min after application of TPA, the recovery time was similar to that of the phosphorylated form of mutant fascin (Figure 2Cc,Db) . Moreover, we confirmed the phosphorylation of fascin at 20 min after application of TPA in Western blotting analysis ( Figure 3B) .
To determine the effect of phosphorylation of fascin on the shape of the actin meshwork in the lamellipodia, we externally applied TPA and observed EGFP-fascin and mKOLifeact by using SIM with two cameras. TPA application induced dissociation of EGFP-fascin from the actin meshwork ( Figure 3A) . The relative amount of fascin to that of actin decreased within 20 min (compare before with TPA (20 min) in Figure 3A ). As the EGFP-fascin dissociated from actin, the orientation of the actin filaments changed ( Figure  3E ). The angle of the actin filaments changed from 73.08° before TPA application to 15.19° at 20 min after TPA application. The orientation of the filaments appeared nearly parallel to the leading edge ( Figure 3D ). This observation suggests that fascin contributed to maintaining the fine architecture of the actin meshwork.
Phosphorylation of fascin changed the orientation of actin filaments. TPA induced phosphorylation of fascin and dissociation from actin filaments ( Figure 3A) . The dissociation may cause actin bundles to become loose and decrease the rigidity of the bundle. These changes may affect the equilibrium between the elasticity of the cytoskeleton and cell surface tension and may lead to changes in the orientation of the actin filaments (Gauthier, Fardin, Roca-Cusachs, & Sheetz, 2011; Raucher & Sheetz, 2000) .
The actin cytoskeleton is thought to function as a framework (Hall, 1998) . In the growth cone, actin dynamics are important for motile activity. In lamellipodia, actin bundles in the meshwork contribute to the mechanical properties of the cell (Rotsch & Radmacher, 2000) . Thus, we measured elasticity in the lamellipodia by AFM before and after dissociation of fascin with TPA application. We found that the dissociation of fascin caused a 40% decrease in elasticity as measured by Young's modulus ( Figure 4C ). These data suggest that actin bundles by fascin provide rigidity to the actin meshwork to maintain the cell shape. Fascin was observed in the filopodia and lamellipodia of the growth cone but not in the cell body. To elongate the neuron into a variety of tissues (Vitriol & Zheng, 2012) , elasticity of the leading edge is important. Fascin may play an important role in controlling the elastic properties of the growth cone. This elasticity may be important for penetration of growth cones into some tissues.
A similar role of fascin may also be present in different types of cells. Recently, many studies have reported that fascin is an invasion marker of several types of cancer (Hashimoto, Skacel, & Adams, 2005; Jacquemet, Hamidi, & Ivaska, 2015) . Fascin appears at the leading edge of the cell when metastasis occurs (Li et al., 2010) . The bundling activity of fascin in lamellipodia is thought to be involved in metastasis, although the detailed mechanism is unclear (Jacquemet et al., 2015; Kim et al., 2009 ). Fascin at the leading edge of cancer cells may contribute to elasticity and induce metastasis. Although there is a considerable difference between the processes of cancer metastasis and growth cone migration, the mechanism of elasticity may be similarly controlled.
| EXPERIMENTAL PROCEDURES
| Reagents and materials
Chemicals and antibodies were obtained from the following providers in parentheses: TPA (12-o-tetradecanoylphorbol The angle between blue and yellow line was measured as orientation of the actin filament. Left: before application of TPA. Right: 20 min after application of TPA actin filaments was near to the parallel to the leading edge 20 min after application of TPA. (E) Orientation of actin filaments before and after application of TPA. Orientation of actin before TPA application: 73.08 ± 8.92° (n = 67) and after TPA application: 15.19 ± 1.75 (n = 66). The data are shown as mean ± SEM (**p < 0.01 by Student's t-test). (F) Actin meshwork before and after application of TPA observed by STED microscopy. Actin meshwork was stained with TRITC-Phalloidin. Upper images: before application of TPA. Lower images: after application of TPA. Right images are magnified images of the rectangular regions in left images. Scale bars: 5 µm (left), 1 µm (right). (G) Orientation of actin filaments to leading edge calculated with a PC using skeletonization-based method. The angles were as follows: before application: 61.072 ± 1.372° (n = 6) and 20 min after TPA application: 27.079 ± 2.102° (n = 6). The data are shown as mean ± SEM (**p < 0.01 by Student's t-test) Genes to Cells TANAKA eT Al.
13-acetate; Wako, Osaka, Japan), anti-fascin antibody (Santa Cruz Biotechnology, Dallas, TX, USA), anti-mouse IgG (H + L) conjugated with Alexa Flour 488 (Thermo Fisher Scientific, Waltham, MA, USA) and TRITC-Phalloidin (Sigma, St. Louis, MO, USA). Coverslips (No. 1s) and slide glasses were obtained from Matsunami Glass (Osaka, Japan).
| Cell culture and transfection
NG108-15 cells (obtained from Dr Hideaki Tanaka in
Kumamoto University) were cultured in DMEM (Gibco, Grand Island, NY, USA) containing 10% fetal bovine serum, 1% pyruvic acid, 1% penicillin-streptomycin (Gibco) and HAT supplement 50× (Sigma) at 37°C in a 5% CO 2 atmosphere.
To induce cell differentiation, dibutyryl-cAMP (Sigma) was added to the culture medium at 1 mM final concentration. Two days after adding db-cAMP, expression vectors were transfected by using Lipofectamine™ 2000 Transfection Reagent (Invitrogen, Carlsbad, CA, USA) and cultured on the poly-l-lysine-and laminin-coated coverslips. Growth cones were observed 1-3 days after transfection. 
| Fluorescence staining
Cells on glass coverslips (Matsunami, No1S) were fixed with 2.5% glutaraldehyde, permeabilized with 0.1% Triton X-100 in PBS and reacted with primary and secondary antibodies. TRITC-Phalloidin was applied after immunostaining. NaBH 4 was used to reduce fluorescent background caused by glutaraldehyde.
| Plasmid
WT fascin (pEGFP-C1-fascin) was prepared by digesting a fragment excised with SmaI from pGEX-2T integrated human fascin cDNA (Ono et al., 1997) with SmaI. The plasmid was prepared by incorporating this fragment into the digestion. pEGFP-C1-Asp-fascin was prepared in the same manner as pEGFP-C1-fascin using a reverse primer (CCAGATCTGC TTCTTCTTCAGGTCGCTGGCGGACGCGTTCACCTT) in which the phosphorylation site was changed to GAC.
pEGFP-C1-Ala-fascin contained one BglII cleavage site (AGATCT; 131-136) slightly downstream of the DNA (AGC; 115-117) encoding the phosphorylation site (Ser39) of fascin cDNA. PCR of C1-fascin WT pEGFP was carried out using a reverse primer (CCAGATCTGCT TCTTCTTCAGGGCGCTGGCGGACGCGTTCACCTT) in which the phosphorylation site was changed to GCC and a forward primer (GGACTCAGATCTCGAGCTCAAGCT) containing a BglII cleavage site in the multiple cloning site of pEGFP-C1 was used as a template. The PCR product was incorporated into the pGEM-T vector. The DNA was purified, cut with BglII and ligated into the BglII fragment of WT pEGFP-C1-fascin.
Actin filaments were visualized with Lifeact-mKate2 (Nagasaki et al., 2017) or mKO-Lifeact. The vector expressing mKO-Lifeact was generated by replacing EGFP cDNA in the Lifeact/pEGFP-N1 plasmid (Nagasaki et al., 2017) with a PCR fragment of mKusabira-Orange cDNA using the BamHI and NotI sites (MBL, Tokyo, Japan).
The vector expressing mCherry-actin was described in our previous report (Nagasaki, Inotsume, Kanada, & Uyeda, 2008) .
| Drug treatment
NG108-15 cells were cultured on a poly-l-lysine-and laminin-coated glass-bottom dish to a density of 1.5 × 10 4 cells/ml. TPA was added to a final concentration of 200 nM. It should be noted that TPA was dissolved in the culture medium used for cell culture. The effect of TPA may be reduced if it is dissolved in fresh culture medium.
| Western blot analysis and detection of
FASCIn1 phosphorylation
NG108-15 cells differentiated by cAMP and protein samples for immunoblotting were prepared as follows. Cells were lysed with lysis buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% Triton X-100) containing protease inhibitor cocktail (Nacalai Tesque, Inc., Kyoto, Japan) and phosphatase inhibitor cocktail (Nacalai Tesque, Inc.).
Aliquots of total cell lysate were separated by 5%-20% SuperSep (Wako) and transferred onto polyvinylidene fluoride membranes (EMD Millipore, Burlington, MA, USA). After blocking with Blocking One (Nacalai Tesque, Inc.) containing 0.1% Tween 20, the membranes were incubated with primary antibodies for fascin1 (55K-2, sc-21743; Santa Cruz Biotechnology) and β-actin (ab8226; Abcam, Cambridge, UK) at 4°C for 16 hr. After washing with Tris-buffered saline containing 0.1% Tween 20 to remove the unbound primary antibody, the membranes were incubated with anti-mouse IgG H&L (horseradish peroxidase; ab97023) at room temperature for 1 hr and then washed to remove the unbound secondary antibody, followed by Genes to Cells
development with ECL Prime reagents (GE Healthcare, Little Chalfont, UK). Phosphorylated fascin1 was detected by 10% Phos-Tag SDS-PAGE (Wako) following the manufacturer's protocol (Kinoshita, Kinoshita-Kikuta, Takiyama, & Koike, 2006) .
| Microscopy
Confocal images were obtained with the A1R+ system (Nikon, Tokyo, Japan) with GaAsP detectors under the small pinhole setting (0.4A U), and deconvolution (Nis-Elements C-ER; Nikon) was applied to enhance the resolution. Laser lines at 488 nm for EGFP and 561 nm for KO or mKate were used for excitation. An objective lens with high numerical aperture (NA; SR ApoTIRF 100×, oil, NA: 1.49, Nikon) was used. SIM images were acquired with an N-SIM (Nikon) combined with a confocal microscope (A1; Nikon). The objective lens was a 100× lens with high NA (SR ApoTIRF 100×, oil, NA: 1.49, Nikon). SIM images (9 images with 3 different phases for 3 different angular orientations of illumination for each SIM image) were acquired with an EMCCD camera (iXon3 897; Andor Technology Ltd., Belfast, UK) and processed with NIS Elements (Nikon) software. For dual camera SIM recording, we installed image splitting optics (W-VIEW GEMINI 2C [Hamamatsu Photonics, Shizuoka, Japan]) and 2 cameras (Orca Flash 4.0, [Hamamatsu] ) and recorded using green (for 488 nm excitation) and red (for 561 nm excitation) channels with individual cameras simultaneously ( Figure 1C) . STED images were acquired with a TCS SP8 STED 3X (Leica Microsystems, Wetzlar, Germany) with HyD detectors. A white laser (for excitation) and 660-nm laser with a donut beam (for stimulated emission depletion) were used for STED imaging. For TRITC-Phalloidin, an excitation laser wavelength of 561 nm was used. Raw STED images (pixel size: 0.015 nm) were recorded with a 100× oil immersion objective (Leica HCX PL APO 100×/1.4, oil), and deconvolution was applied using software (Leica LAS-X, Lightning).
| FRAP experiments
FRAP experiments were carried out on a confocal microscope (A1plus; Nikon) with a high-NA objective lens (SR ApoTIRF 100×, oil, NA: 1.49, Nikon). EGFP-fascin in the peripheral regions of lamellipodia was bleached in the rectangular region (1 × 6.78 µm) for 1 s using the 405-nm laser line at 100% laser power. Fluorescence recovery within the bleached region was recorded over time for 2 min (time rate: 4 frm/s; Supporting Information Figure S1A) .
A kymograph was prepared from the time series of images by using Image J software (NIH, Bethesda, MD, USA) as follows. A rectangular strip-shaped region of interest (shown in blue in Supporting Information Figure S1B ) was set in the images. The strip-shaped images were cropped, aligned sideby-side and made into a kymograph (Supporting Information Figure S1B ). The fluorescence intensities of each image strip were measured in the center of the photobleached region (shown by red line in Supporting Information Figure  S1C ) in the kymograph and plotted against time (Supporting Information Figure S1D ). Recovery time was measured as full width at half maximum (Supporting Information Figure  S1D ). See Supporting Information Figure S1 for details of FRAP analysis.
| AFM
We used a commercial AFM (MFP-3D AFM; Asylum Research, Santa Barbara, CA, USA) mounted on an inverted optical microscope (TE-2000E; Nikon) . A small rectangular cantilever (BL-AC40TS; Olympus, Tokyo, Japan) with a nominal spring constant of <0.1 N/m was used. Prior to cell measurements with AFM, the spring constant of the cantilever was determined using a built-in thermal fluctuation procedure. The loading force, F, was determined by multiplying the calibrated cantilever spring constant by its deflection based on Hooke's law.
We measured the topography and Young's modulus, E, of cells in the lamellipodia regions by AFM. In AFM force mapping experiments, force curves were taken at intervals of 1.0 μm with a maximum loading force of 300 pN at room temperature. The cell thickness, h, at the indentation region was estimated from the contact positions of the force curves. E of cells was estimated by fitting the force curves obtained during the approach process to the bottom effect cone correction (Gavara, 2016; Gavara & Chadwick, 2012) , which is a modified Sneddon's model for a thin sample placed on a solid substrate and is expressed by: where δ is the indentation depth of the probe, θ is the halfopening angle of the probe cone, which was 17.5°, and v is the Poisson's ratio of cell, which was assumed to be 0.5.
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